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Abstract 
The whole cell patch clamp technique was used to study the effects on membrane currents of infection of cultured human embryonic 
lung (HEL) fibroblasts with human cytomegalovirus (CMV). Four types of membrane currents were found in uninfected HEL cells, 
namely: Ca* +- activated potassium current, inward rectifier potassium current, delayed rectifier potassium current and voltage-dependent 
sodium current. In infected cells, the expression of the latter two currents was significantly altered during the first 72 h of infection with 
CMV. Voltage-dependent sodium current was detected in 30% of uninfected HEL cells whenever they were examined up to 72 h after 
seeding; however this current had completely disappeared by 18 h after infection with CMV. The delayed rectifier potassium current was 
detectable in 8% of uninfectemd HEL cells but, after infection, the proportion of cells expressing this current gradually increased from 20% 
at 18-24 h post-infection to 100% at 48 h and 72 h. Pharmacological agents known to regulate the activity of ion channels, via cellular 
secondary messengers, did not alter the frequency at which either current was detected in uninfected and infected cells. Phosphonofor- 
mate, an inhibitor of CMV D:NA polymerase, caused 95% block of expression of CMV ‘late’ proteins in infected cells but did not prevent 
the switching off of the sodium current or the increased expression of the potassium current. The results indicate an association between 
the expression of CMV ‘immediate-early’ or ‘early’ proteins and the down-regulation of the sodium current and up-regulation of the 
potassium current. 
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1. Introduction 
Cell death following virus infection is often accompa- 
nied by characteristic cytopathic changes which are associ- 
ated with increased plasma membrane permeability first to 
ions then to phosphorylated metabolites and, finally, to 
proteins, depending on the degree of damage which the 
cell has sustained (reviewed by Pastemak [ll). In an effort 
to counteract these harmful effects the cell may mobilize 
metabolic pathways such a.s the Na+/K+-ATPase (sodium 
pump) and various transrnembrane carriers and ion chan- 
nels, the latter in particular providing high-capacity routes 
for ion exchange [2]. 
The nature of virus-induced cell permeability changes is 
poorly understood and has been attributed to the formation 
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of pores in the plasma membrane of infected cells which 
allow the leakage of water-soluble components into and 
out of the cell along their respective concentration gradi- 
ents [ll. Ion channels also serve to restore the ionic 
equilibrium of virus-infected cells and are likely to be 
important in infections in which the morphology of the 
host cell is significantly altered. This could well be the 
case with human cytomegalovirus (CMV), in which the 
infected cells undergo considerable rounding and enlarge- 
ment. Fibroblasts infected with CMV are particularly suited 
for electrophysiological study because infection at high 
virus/cell ratios can be used to ensure that most cells will 
begin expressing viral structural and non-structural pro- 
teins by 48-72 h. Also, metabolic changes which take 
place following CMV infection have been studied and 
these include the function of the sodium pump in relation 
to the considerable increase in cell volume which takes 
place by 36-72 h post-infection [3-51. 
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The effect of CMV infection on human fibroblasts was 
studied by using the whole-cell patch-clamp technique in 
conjunction with various pharmacological agents which 
are known to directly or indirectly affect the activity of 
particular ion channels and it was found that the ion 
channel profile of the host cell was significantly altered by 
the virus. To our knowledge this is the first report on the 
application of the patch-clamp technique to studying the 
effect of virus infection on the host cell. 
2. Materials and methods 
2.1. Cells and viruses 
Primary human embryonic lung fibroblast (HEL) cells 
were obtained as a monolayer culture from Yvonne Try- 
horn of Virology Laboratory, St. George’s Hospital Medi- 
cal School, and were used between passages 10 and 20. 
They were propagated in Eagle’s MEM with 10% fetal 
calf serum, glutamine and antibiotics. The laboratory strain 
AD169 of CMV, with a titre of lo5 PFU/O.l ml, was 
stored in aliquots at -70°C. 
For the experimental procedures, a suspension of freshly 
trypsinized cells was prepared in growth medium then 
divided into two parts one of which was then inocuiated in 
suspension with the virus, to give an input multiplicity of 
infection of 1, the other being mock inoculated as a 
control. This resulted in all the virus inoculated cells 
consistently displaying CMV early antigen 48 h later. 
After incubation with the virus inoculum for 30 min at 
37°C the cells were seeded into 35 mm Falcon Petri dishes 
containing round glass cover slips. Control cultures, seeded 
with uninfected cells, were prepared at the same time. In 
this way the infected and the uninfected control cultures in 
each experiment were always set up in parallel and with 
cells that originated from the same tissue culture flask. 
Every time the patch clamp investigation was carried out 
some of the infected and uninfected cells were spotted 
onto Multispot slides (Hendley, Essex, UK), air dried, 
acetone-fixed for 10 min at -20°C then reacted with 
mouse monoclonal antibodies to a CMV nuclear (~72) 
‘early’ antigen (HCMV-31, a cytoplasmic/nuclear (66 K 
major matrix protein) ‘immediate-early’ antigen (HCMV- 
19) and a cytoplasmic (neutralizing, glycoprotein B) ‘late’ 
antigen (HCMV-34) all of which were obtained from 
Cogent Diagnostics, UK, also with a mouse monoclonal 
antibody to the lower matrix phosphoprotein ppUL83 ‘ late’ 
antigen [6]. The binding of the monoclonal antibodies to 
the infected cells was revealed by staining with alkaline 
phosphatase-labelled sheep anti-mouse antibody (Tago) as 
described previously [7]. Both uninfected and CMV-in- 
fected HEL cells were examined for mycoplasma contami- 
nation using the Immu-Mark Myco-test two-step procedure 
(ICN Biomedicals, Aurora, OH, USA) and were found to 
be mycoplasma-negative. 
2.2. Recordings 
Whole-cell membrane-current recordings were made us- 
ing standard patch clamp techniques [8]. The borosilicate 
glass pipettes (Clark Electromedical Instruments) which 
were used in the technique had a resistance of 2-4 Ma 
when filled with the pipette solution. Membrane currents 
were amplified by a current amplifier (Axopatch 200A, 
Axon Instruments). Command voltages were generated, 
and the resulting signals were captured, on-line, using a 
1401 interface and CED Patch and Voltage Clamp Soft- 
ware (Cambridge Electronic Design) run on an IBM-com- 
patible 486 computer. Glass coverslips with adherent in- 
fected and uninfected cells were placed in a 100 ~1 
chamber and perfused with the experimental solutions 
(about 3 ml min-‘1 as required. This was done by switch- 
ing by means of distantly operated solenoids, to a separate 
reservoir connected to the inflow. The exchange of the 
solutions in the chamber was complete by 20 s after 
switching. All experiments were performed at room tem- 
perature (20-25°C). The values given each represent the 
mean of several assays f S.E. 
2.3. Solutions 
The PSS used in the experiments had the following 
compositions (mM): 
Bath: NaCl 130, CaCl, 1.8, Hepes-NaOH 10. 
Pipettes: I. KC1 130, EGTA 0.1, Hepes 10. II. KC1 90, 
BAPTA 10, CaCl, 0, Hepes 10. III. NMDG 130, BAPTA 
10, CaCl, 0, Hepes 10. IV. NaCl90, BAPTA 10, CaCl, 0, 
Hepes 10. 
The bath solution was titrated with NaOH ( N 5 mM) to 
pH 7.4. The pipette solutions were titrated to pH 7.4 with 
either KOH (solution I, _ 5 mM; and solution II, _ 45 
mM), HCl (solution III, _ 87 mM) and NaOH (solution 
IV, N 45 mM). The free Ca2+ concentration in the 
BAPTA-Ca*+ mixtures was determined by the EQCAL 
program (BIOSOFT), using stability constants from Tsien 
191. 
2.4. Chemicals 
NaCl, KC1 and CaCI, were from BDH (UK). Chelery- 
thrine chloride was from Calbiochem. Hepes, BAPTA, 
DIDS, SITS, D-gluconic acid, TEA, 4-aminopiridine, dibu- 
tyryl cyclic AMP (d-CAMP), phorbol 12,13-dibutyrate, 
GTPyS, GDPPS, arachidonic acid (AA), colchicine and 
phosphonoformic acid (PFA) were from Sigma. 
3. Results 
3.1. Uninfected cells 
A total of 73 cells were studied both in the preliminary 
experiments, which were specifically aimed at characteriz- 
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Fig. 1. Whole-cell current-voltage relationship of currents in the mem- 
brane of a non-infected fibroblalst cell. The cell was voltage-clamped at 
-80 mV in the whole-cell configuration, and 100 ms steps, to voltages 
ranging from - 120 mV to + 120 mV with increments of 20 mV, were 
applied every 3 s. Pipette solution II. (A) Examples of currents. (B) 
Current-voltage relationship (measured after 50 ms). 
ing the current in uninfected HEL cells, and in the control 
experiments which were carried out in parallel with every 
experiment that was performed on the infected HEL cells. 
Single cells were chosen for patch clamp investigation 
which were well separate:d from any neighbouring cells. 
With pipette solution II the resting potential (the zero 
current potential under the. voltage clamp) was found to be 
- 38 + 2 mV (n = 27). The cells were held at - 80 mV 
and 100 ms pulses were applied from - 120 to 120 mV 
with increments of 20 mV every 5 s. In 46 out of the 73 
cells the current-voltage relationship was almost linear 
over the whole range of the applied potentials without 
evidence of inward sodium or significant outward potas- 
sium current (Fig. 1). 
In 67 of the 73 cells tlhere was no activation of potas- 
sium current at potentials more positive than -40 mV 
(Fig. 1). However, in 6 of the 73 cells an outward potas- 
sium current developed at. potentials positive to -40 mV 
when pipette solution II, with no added calcium, was used; 
this current also showed slow activation kinetics and only 
became inactivated at times much greater than 100 ms 
(Fig. 2). Its characteristics resembled those of a delayed 
rectifier potassium channel. This current was about 50% 
inactivated by prolonged holding at potentials positive to 
-50 mV (as in infected cells, Fig. 6) with half-maximal 
inactivation at -25 mV. To study inactivation, pulses to 
various potentials from -- 120 mV to 70 mV with incre- 
ments of 10 mV were applied for 1 s before stepping for 
100 ms to a test potential of 40 mV to evoke outward 
current. 
In 22 of the 73 cells that were examined, an inwardly 
directed current was activated upon applying depolarizing 
pulses of between -40 and 50 mV (Figs. 3A, 4A). Both 
the activation and the inactivation of this current were 
rapid. Tetrodotoxin, which is a specific blocker of 
voltage-activated Na+ channels, reversibly blocked this 
current at a concentration 30-50nM (Fig. 3B, Cl. The 
current was strongly voltage-dependent. To study inactiva- 
tion for this current, pulses to various potentials from 
- 120 mV to 30 mV with increments of 10 mV were 
applied for 1 s before stepping for 50 ms to a test potential 
of 10 mV to evoke inward current. Half-maximal inactiva- 
tion was at -30 mV (Fig. 3D). Also, the current disap- 
peared when NMDG was substituted for sodium ions in 
the bath solution (Fig. 4B, Cl suggesting that it was carried 
by Na+ ions. 
The substitution of Cl- ions in the bath solution by 
gluconate did not cause any changes in the magnitude of 
the current; moreover known blocking agents of Cl- chan- 
nels, namely SITS (1 mM) and DIDS (1 mM1, had no 
effect, suggesting that the outward current in human fi- 
broblasts was entirely carried by potassium ions. In a few 
experiments the tonicity of the bath solution was reduced 
by 80 mOsm in order to check whether volume regulated 
Cl- or Kf channels existed in the human fibroblasts. No 
activation of such channels was detected under these hypo- 
tonic conditions. 
Two other currents were detected in experiments on the 
uninfected HEL cells when pipette solution I was used and 
KC1 (6 mM) was added to the bath solution. These were 
probably a Ca2+ -activated potassium current as it was 
extremely noisy and activated by depolarization, and an 
inward rectifier potassium current (results not shown). 
However, both of these currents were consistently detected 
also in infected cells, but possible differences between 
these and the currents detected in the uninfected cells were 
not examined. To ensure that changes in the characteristics 
of these currents did not affect the other experimental 
results, in all future experiments they were suppressed both 
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Fig. 2. Whole-cell current-voltage relationship of voltage-dependent 
potassium current in the membrane of a non-infected fibroblast cell. The 
cell was voltage-clamped at - 80 mV in the whole-cell configuration, and 
100 ms steps to voltages ranging from -120 mV to +lOO mV with 
increments of 20 mV were applied every 3 s. Pipette solution II. (A) 
Examples of currents. (B) Current-voltage relationship. 
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inward rectifier potassium current) and by using a pipette 
solution with 10 mM BAPTA to which calcium was not 
added to minimise Ca-activated K-current. Despite the use 
of these solutions it is possible that with the application of 
strongly positive potentials some contribution of Ca- 
activated K-current to the voltage-dependent K-currents 
may occur despite the low intracellular free calcium con- 
centration; this will contaminate the delayed rectifier K- 
current. In some uninfected and some infected cells (Fig. 
5C) the effect of 4-AP (4 mM) on outward K-current was 
examined. The current was substantially (up to 90%) 
blocked at negative potentials and at potentials not more 
A 
positive than 40 mV (Fig. 5C). Positive to 40 mV, 4-AP (4 
mM) blocked a diminishing proportion of the outward 
current which may indicate significant contribution from 
‘leakage’ and Ca-activated K-current. However, TEA (10 
mM) had only a small effect on outward current at these 
positive potentials arguing against much contribution from 
Ca-activated K-currents (Fig. 5C); negative to 40 mV 
about half the outward current was blocked. TEA at this 
concentration may affect various K-currents so no firm 
conclusion can be drawn. 
These results showed that in uninfected fibroblasts, at 
least four types of current were detected, namely: a Ca2+- 
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Fig. 3. Voltage-dependent sodium current in the membrane of a non-infected fibroblast cell. The cell was voltage-clamped at - 80 mV in the whole-cell 
configuration, and 50 ms steps, to voltages ranging from - 50 mV to + 70 mV with increments of 10 mV, were applied every 10 s. Pipette solution II. (A) 
Examples of currents. (B) Block of currents (shown in A) by 50 nM ‘RX. (Cl Current-voltage relationships of peak sodium current in control (squares), 
during block by ‘RX (circles) and during recovery after washing out of ‘RX (triangles). (D) Inactivation curve for voltage-dependent sodium current. To 
study inactivation, pulses to various potentials from - 120 mV to + 30 mV with increments 10 mV were applied for 1 s every 15 s before stepping to a 
test potential of 10 mV to evoke inward current. 
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activated potassium current, an inward rectifier potassium 
current, a delayed rectifier (voltage-dependent) potassium 
current and a voltage-dependent sodium current. 
3.2. CMV-infected cells 
CMV-infected cells were studied by patch clamp at 
different times post-infection (p.i.). Uninfected cells, as 
controls, were studied at the same time and gave the 
results described in the preceding section. 
Ten CMV-infected cells were tested by patch clamp at 
6 h p.i. In two of them a voltage-dependent sodium current 
was detected (not significantly different from 22 out of 73 
control cells; chi-square test, P = 0.7) and in one other cell 
a delayed rectifier potassium current (not significantly 
different from 6 out of ‘73 control cells; chi-square test, 
P = 1). 
At 18-24 h p.i. a total of 20 CMV-infected cells were 
investigated in three separate experiments. In none of these 
cells was a voltage-dependent sodium current detected 
such as was identified in ,the uninfected cells (significantly 
different from the control cells; chi-square test, P = 0.02). 
On the other hand, a voltage-dependent (delayed rectifier) 
potassium current was observed in four (20%) of the cells. 
Although this was a higher proportion than in the control 
uninfected cells (6 out of 73 cells; 8%), the difference was 
not significant from the control cells (chi-square test, 
P = 0.24). 
At 48 h p.i. 27 (XV-infected cells were investigated in 
four separate experiments. Again, no voltage-dependent 
sodium currents were detected in any of the cells (signifi- 
cantly different from the control cells; chi-square test, 
P = 0.008). Moreover, in contrast to the uninfected control 
cells and to the infected cells when examined on day 1 
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Fig. 4. Voltage-dependent sodium current in the membrane of a non-in- 
fected fibroblast. The cell was voltage-clamped at -80 mV in the 
whole-cell configuration, and 50 ms steps, to voltages ranging from - 50 
mV to +40 mV with incremeuts of 10 mV, were applied every 10 s. 
Pipette solution II. (A) Examples of currents in control. (B) Absence of 
currents when sodium in bath solution was substituted by non-permeant 
cation NMDG. (C) Current-voltage relationships for A and B. 
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Fig. 5. Voltage-dependent potassium current in the membrane of a 
CMV-infected fibroblast cell. The cell was voltage-clamped at - 80 mV 
in the whole-cell configuration, and 100 ms steps, to voltages ranging 
from - 120 mV to + 100 mV with increments of 20 mV, were applied 
every 3 s. Pipette solution II. (A) Examples of currents. (B) Current-volt- 
age relationship for A. (C) Current-voltage relationships (another cell) 
for voltage-dependent K-current in control (squares) and during block of 
it by 4 mM of 4-AP (circles) and 10 mM TEA (downward triangles), and 
recovery after washout of drug (upward triangles and diamonds, respec- 
tively). 
post-inoculation, voltage-dependent potassium currents 
were detected in all of the 22 cells (significantly different 
from the control cells; chi-square test, P < 0.00001) (Fig. 
5A, B), the size of which varied for different cells. When 
compared, the averaged current-voltage relationships of 
these voltage-dependent potassium currents for the unin- 
fected and the infected cells were not significantly differ- 
ent (Fig. SC). The current in the infected cells showed the 
same voltage-dependent inactivation as in the uninfected 
control cells, with half-maximal inactivation occurring at 
-25 mV (Fig. 6). Three cells out of the 27 were held 
using pipette solution III in which potassium ions were 
substituted by a non-permeant cation, NMDG. Under these 
conditions, immediately after achieving whole-cell mode 
and before potassium in the cell had exchanged for NMDG, 
an outward delayed rectifier current was observed. This 
declined with time and almost completely disappeared 
after 9-11 min of cell perfusion (Fig. 7A-C). In five of 
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the 27 cells, almost no outward current was observed when 
sodium ions instead of potassium ions (pipette solution IV) 
were present in the pipette solution (Fig. 8A, B). These 
results confirm that the observed outward delayed rectifier 
current was carried by potassium ions. 
At 72 h p.i., nine cells were studied and their ion 
channel profile remained the same as at 48 h p.i., that is, 
the potassium channel was expressed in all the cells (sig- 
nificantly different from the control cells; chi-square test, 
P = 0.00009) and the sodium channel in none (not signifi- 
cantly different from the control cells; chi-square test, 
P = 0.2). As the infection progressed it became increas- 
ingly difficult to patch clamp the enlarged and swollen 
infected cells therefore the experiments were terminated 
after 72 h p.i. 
Synthesis of CMV ‘late’ proteins, but not ‘immediate- 
early’ and ‘early’ proteins, can be blocked by the viral 
DNA polymerase inhibitor phosphonoformic acid (PFA) 
[lo]. This allowed us to study the temporal relationship 
between the stage of viral protein synthesis and the expres- 
sion of the ion channels in the infected cells. To this end, 
monolayer cultures of HEL cells were treated with 200 
pg/ml of PFA for 1 h before being infected with CMV at 
an input multiplicity of infection 1. They were maintained 
thereafter in the presence of the inhibitor for 24 h then 
trypsinized in the presence of PFA, seeded sparsely onto 
coverslips and Multispot slides and left to grow, in the 
presence of PFA, for another 24 h. The appearance of cell 
swelling and rounding in the PFA-treated infected cultures 
paralleled that in the untreated infected cultures. When 
patch-clamped at 48 h p.i., cells from both the PFA-treated 
and untreated infected cultures were found to express the 
delayed rectifier potassium current and no voltage-depen- 
dent sodium current. Treatment of uninfected cells with 
PFA, at the same or with twice the concentration used in 
the infected cells, had no detectable effect on the expres- 
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Fig. 6. Inactivation curve for voltage-dependent K-current. The cell was 
clamped at -80 mV, prepulsed for 1 s to potentials from - 120 mV to 
70 mV with increments of 10 mV and returned to a test potential of 40 
mV for 100 ms. Pulses were applied every 10 s. Pipette solution II. (A) 
Examples of currents (only the last part of the currents evoked by the 













Fig. 7. Selectivity of voltage-dependent K-current. The cell was voltage- 
clamped at - 80 mV in the whole-cell configuration, and 100 ms steps to 
voltages, ranging from - 120 mV to + 100 mV with increments of 20 
mV, were applied every 3 s. Pipette solution III (NMDG instead of K). 
(A) Examples of currents recorded immediately after achieving of whole 
cell mode. (B) Examples of currents recorded 11 min after achieving of 
whole cell mode and perfusion of cell with NMDG-pipette solution. (C) 
Current-voltage relationships for currents recorded from a cell held with 
pipette solution III, immediately after achieving of whole cell mode (in 
A) and after 4, 8 and 11 min perfusion of the cell with NMDG-containing 
pipette solution. 
sion of the sodium channel. Immunoenzymatic staining 
with monoclonal antibodies to CMV ‘immediate-early’, 
‘early’ and ‘late’ proteins confirmed the expected in- 
hibitory effect of PFA on viral antigen expression. Thus, 
more than 95% of the untreated infected cells expressed 
CMV ‘immediate-early’, ‘early’ and ‘late’ antigens 
whereas in the PFA-treated infected cells the viral ‘im- 
mediate-early’ and ‘early’ antigens were present in more 
than 95% of them but CMV ‘late’ antigens in fewer than 
5%. 
3.3. Effect of regulators of ion channel function 
In both the uninfected and the infected cells the effects 
of externally applied dibutyryl-CAMP (1 mM) and arachi- 
donic acid (30 PM), and of internally applied GrPyS (0.4 
mM) and GDP0 S (0.4 mM) were studied each for a period 
of up to 15 min; also of chelerythrine chloride (10 PM), a 
potent inhibitor of protein kinase C [11,12] and phorbol 
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Fig. 8. Selectivity of voltage-de.pendent K-current. The cell was voltage- 
clamped at - 80 mV in the whole-cell configuration, and 100 ms steps, to 
voltages ranging from - 120 mV to + 100 mV with increments of 20 
mV, were applied every 3 s. Pipette solution Iv (Na instead of K). (A) 
Examples of currents. (B) Current-voltage relationships for currents in A. 
(C) Averaged current-voltage relationships for the voltage-dependent 
K-current in non-infected (squares, 5 cells) and CMV-infected (circles, 20 
cells) fibroblasts. 
12,13_dibutyrate, an activator of protein kinase C (2 PM), 
each of which was applied intracellularly and extracellu- 
larly for a period of up to 2 h. 
None of these agents exerted any effect on the activity 
of existing potassium or sodium currents in infected or 
uninfected cells; nor did they activate these currents in 
cells that were not already expressing them. Other possible 
effects of these agents on cells were not investigated. 
3.4. Effect of colchicine on ion channel expression by 
uninfected cells 
A prominent feature of CMV infection in cultured 
human fibroblasts is the rounding and swelling of the cells 
which is due to their being arrested in metaphase [13]. To 
ascertain whether the mil.otic state of cells can affect their 
expression of ion channlels, uninfected HEL cells were 
seeded sparsely onto coverslips and treated 16 h later with 
0.25 pg/ml colchicine for 5 h. In three separate experi- 
ments, patch clamping of the rounded mitotic cells (n = 32) 
revealed that the voltage-dependent sodium current was 
detectable in 18 (56%) of them compared with 22 out of 
73 (30%) control uninfected cells not treated with 
colchicine. This difference was not statistically significant 
(chi-square test; P = 0.12). Moreover, in four out of 32 
(12%) mitotic cells the delayed rectifier potassium current 
was detected as against six out of 73 (8%) of the control 
untreated cells (not significant; chi-square test; P = 0.7). 
4. Discussion 
The whole cell patch clamp technique has revealed an 
altered ion channel expression in CMV-infected compared 
to uninfected HEL cells. In uninfected HEL cells four ion 
channels were detected: a Ca’+-activated potassium chan- 
nel, an inward rectifier potassium channel, a delayed recti- 
fier potassium channel and a voltage-dependent sodium 
channel. After CMV infection the first two of these chan- 
nels continued to be expressed as in uninfected cells, 
whereas the expression of the other two channels was 
significantly altered. 
Uninfected HEL cells were found to be heterogeneous 
in their expression of both the delayed rectifier potassium 
current and the voltage-dependent sodium current. These 
currents were detected in 8% and 30% of the cells, respec- 
tively, either both currents in the same cell or separately in 
different cells. The delayed rectifier potassium current 
showed characteristics similar to potassium currents which 
have been described in cultured human skin fibroblasts 
[14] and in rabbit neuronal fibroblasts [15], both of which 
have been described as being insensitive to calcium and 
opening only when the membrane potential is close to 
zero. The potassium channel in the rabbit neuronal fibrob- 
lasts, which was reported to be detected in 20-30% of 
cells, resembles more closely the potassium channel we 
have identified in HEL cells, by reason of its high selectiv- 
ity for K+ ions; the potassium channel in human skin 
fibroblasts possesses significant permeability to sodium 
ions. However, unlike the human skin fibroblasts studied 
by French and Stockbridge [14] and the HEL fibroblasts 
investigated by us, the rabbit neuronal fibroblasts were not 
shown to express a voltage-gated sodium channel. The 
voltage-dependent sodium channel is known to be respon- 
sible for the increase in sodium permeability which occurs 
during the initial, rapidly rising, depolarizing phase of the 
action potential which is seen in most excitable cells 1161. 
However, lung fibroblast cells are not considered to be 
excitable cells. Munson et al. [17] described a 
tetrodotoxin-sensitive sodium channel in the IMR 91 strain 
of normal human lung fibroblasts and suggested that this 
was a feature of relatively undifferentiated cultured cells. 
Productive CMV infection of cultured cells results in 
the sequential expression of the viral ‘immediate-early’ 
(IE), ‘early’ (E) and ‘late’ proteins [18]. However, due to 
the complex organization of the 230 kb CMV genome, 
which encodes about 200 proteins, the functions of many 
viral proteins have yet to be determined. The IE proteins of 
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CMV represent viral transcription factors which can modu- 
late both viral and cellular gene expression [19], an exam- 
ple being the IL-l receptor antagonist in monocytes and 
macrophages and its up-regulation or down-regulation by 
the IE-2 and IE-1 proteins, respectively [20]. Recent evi- 
dence has shown that CMV infection of human fibroblasts 
results in the down-regulation of class I HLA expression at 
the cell surface, at IE/E times, which represents an impor- 
tant mechanism for evasion of surveillance by cytotoxic T 
cells [21,22]. Also IE proteins can interact directly with a 
number of cellular proteins [23] which have yet to be 
identified. 
Our observation that a number of pharmacological 
agents which affect different cell signal transduction path- 
ways did not alter the functioning of the potassium or 
sodium channels in uninfected and CMV-infected HEL 
cells, led us tentatively to conclude that CMV gene prod- 
ucts act directly on ion channel expression rather than via 
cellular secondary messengers. 
We found that the inactivation of the sodium channel 
was temporally related to the expression of viral IE or E 
proteins in that it was not prevented by the inhibition of 
‘late’ protein synthesis by PFA. CMV IE or E proteins 
might interact directly with sodium channel protein sub- 
units thereby affecting the stability or the function of the 
channel, or there might be an effect on intracellular trans- 
port. 
Metabolic changes which occur in (XV-infected hu- 
man fibroblasts and lead to cytomegaly have been de- 
scribed in detail [3-51. They involve the sustained eleva- 
tion of [Ca2+],; followed by a rise in intracellular [Na+], 
resulting in a 2-3-fold increase in the number of copies of 
the Na+,K+-ATPase (sodium pump) between 48 and 72 h 
post-infection. Our results showed that the inactivation of 
the sodium channel occurred between 6 and 18 h p.i. in 
CMV-infected fibroblasts and thus preceded the functional 
increase of the sodium pump described by Altamirano et 
al. [5]. However, the switching off of the sodium channel 
did not prevent the development of cytomegaly in CMV- 
infected HEL cells, and this is consistent with the observa- 
tion of Nokta et al. [3] that Na+/H+ and Ca2+/Na+ 
exchange are responsible for development of cytomegaly, 
because amiloride (a blocker of sodium exchange but not 
of voltage-gated sodium channels) was shown to prevent 
the development of CMV-induced cytomegaly. 
In contrast to the inhibition of the sodium channel in 
CMV-infected HEL cells, the expression of the potassium 
channel gradually increased as the infection progressed 
until by 48 h p.i., the K+ current was detected in every 
infected cell, suggesting that the genetic information for its 
expression was present in every HEL cell. Since a low 
frequency of K+ current activation was observed in unin- 
fected HEL cells, it seems feasible that CMV infection 
activates the gene for the potassium channel as it does 
other cellular genes [19]. 
Infection with CMV has been shown to arrest proliferat- 
ing cells in metaphase [13]. However, mitotic arrest of 
HEL cells by colchicine did not increase the number of 
cells expressing the potassium channel and, in contrast to 
cells infected with CMV, did not inactivate the sodium 
channel. These findings suggest that cell rounding and 
mitotic arrest per se cannot account for the observed 
activation of the potassium channel nor the inactivation of 
the sodium channel in CMV-infected cells. 
We were unable to find any volume-regulated channels 
in uninfected or CMV-infected HEL cells. Nokta et al. [3] 
suggested that the Na+/H+ exchanger can take on the role 
of a volume regulator in CMV-infected cells and so pre- 
vent the swollen cells from rupturing. However, we have 
noted that HEL cells which were infected as a monolayer 
remain confluent and alive for weeks despite having been 
heavily infected, whereas HEL cells infected in suspension 
and seeded sparsely for patch clamp experiments will 
perish by 72-96 h p.i. This suggests that in monolayer 
cultures the co-operative effect of the tightly apposed cell 
membranes and the intercellular connections helps to delay 
cell death. 
Infection with human CMV is common in the commu- 
nity and usually passes unnoticed in healthy immunocom- 
petent individuals. As with all herpesviruses, CMV persists 
in the host for life in several sites in the body, e.g. 
monocytes, bone marrow cells and endothelial cells. Both 
primary and reactivated latent infection give rise to a range 
of severe and life-threatening diseases in immunosup- 
pressed patients such as transplant recipients, premature 
babies and patients with AIDS. Moreover, intrauterine 
infection with CMV is an important cause of congenital 
mental retardation. The modulation of ion channels ap- 
pears to form part of a wider effect of CMV infection on 
the host cell. Electrophysiological studies on CMV-in- 
fected cells may yield further information of value in 
understanding the pathogenesis of CMV infection in man. 
References 
[l] Pasternak, CA. (1987) Arch. Virol. 93, 169-184. 
[2] Stein, W.D. (1990) Channels, Carriers and Pomps, Academic Press, 
San Diego, CA. 
[3] Nokta, M., Forts, M.P., Eaton, D.C. and Albrecbt, T. (1988) Virol- 
ogy 164, 411-419. 
[4] Albrecht, T., Boldogh, S., Fons, M.P. and Valyi-Nagy, T. (1993) in 
Molecular Aspects of Human Cytomegalovirus Diseases (Becker, 
Y., Darai, G. and Huang, E.-S., eds.), pp. 384-411, Springer-Verlag, 
Berlin. 
[5] Altamirano, A.A., Fons, M.P., Russel, J.M., Cragoe, E.J. and AI- 
brecht, T. (1994) Virology 199, 151-159. 
[6] Baboonian, C., Blake, K., Booth, J.C. and Wiblin, C.N. (1989) J. 
Med. Viral. 29, 139-145. 
[7] Steel, H.M., Booth, J.C., Tryhom, Y. and Stem, H. (1988) Serodi- 
agn. Immonother. Infect. Dis. 2, 193-200. 
[8] Hamill, O.P., Marty, A., Neher, E., Sakmann, B. and Sigworth, F.J. 
(1981) PfIugers Arch. 391, 85-100. 
[9] Tsien, R.Y. (1980) Biochemistry 19, 2396-2404. 
[lo] Wahren, B. and eberg, B. (1979) Intervirology 12, 335-339. 
A. Bakhramov et al. /Biochimica et Biophysics Acta 1265 (1995) 143-151 151 
[ll] Herbert, J.M., Augereau, J.M., Gleye, J. and Maffrand, J.P. (1990) 
Biochem. Biophys. Res. Ccmmun. 172, 993-999. 
[12] Nishimura, J., Moreland, S., Ahn, N.Y., Kawase, T., Moreland, R.S. 
and Van Breemen, C. (1992) Circulation Res. 71, 951-959. 
[13] Abubakar, S., Au, W.W., Legator, MS. and Albrecht, T. (1988) 
Environ. Mol. Mutagenesis 12, 409-420. 
[14] French, A.S. and Stockbridge, L.L. (1988) Proc. Roy. Sot. London 
B 231, 395-412. 
[15] Gray, P.T.A., Chiu, S.Y., Bevan, S. and Ritchie, J.M. (1986) Proc. 
Roy. Sot. London B 227, l-16. 
[16] Catterall, W.A. (1992) Physiol. Rev. 72, Sl-S48. 
[17] Munson, R., Westermark, E and Glaser, L. (1979) Proc. Natl. Acad. 
Sci. USA 76, 6425-6429. 
[18] Stinski, M.F. (1990) in Virology (Fields, B.N. and Knipe, D.M., 
eds.), pp. 1959-1980, Raven Press, New York, NY. 
[19] Ghazal, P. and Nelson, J.A. (1993) in Molecular Aspects of Human 
Cytomegalovirus Diseases (Becker, Y., Darai, G. and Huang, E.-S., 
eds.), pp. 360-383, Springer-Verlag, Berlin. 
[20] Kline, J.N., Geist, L.J., Monick, M.M., Stinski, M.F. and Hunning- 
hake, G.W. (1994) J. Immunol. 152, 2351-2357. 
[21] Beersma, M.F.C., Bijlmakers, M.J.E. and Ploegh, H.C. (1993) J. 
Immunol. 151, 4455-4464. 
[22] Warren, A.P., Ducrog, D.H., Lehner, P.J. and Borysiewicz, L.K. 
(1994) J. Virol. 68, 2822-2829. 
[23] Fumari, B.k, Roma, E., Kowalik, T.F., Huong, S.M. and Huang, 
E.S. (1993) J. Virol. 67, 4981-4991. 
